Helicobacter pylori is chiefly acquired in childhood, but the exact timing of acquisition is not well understood. The main goal of this study was to assess H. pylori acquisition in a pediatric population. We studied two cohorts of Native American children: a birth cohort of 50 children and 58 older children (mean age, 53 months). We measured serum immunoglobulin G (IgG), IgM, and IgA antibodies to H. pylori whole-cell antigen and IgG antibodies to CagA. Among 44 birth cohort children monitored for more than 12 months, 24 (54.5%) had seroconversions, 7 (15.9%) were transient, and 17 (38.6%) were persistent. Among the older children, 49 (84.5%) of the 58 children were monitored for 1 year; 34 (69.4%) had H. pylori antibodies at study entry. During the next year, 7 (20.6%) children seroreverted, and of 15 initially negative children, 5 (33.3%) seroconverted. In both groups, evaluation of CagA antibodies increased the sensitivity of H. pylori detection. Serum pepsinogen I (PGI) levels in H. pylori-negative children rose significantly until age 6 months and remained constant for the next 19 months. At the time of H. pylori seroconversion, PGI peaked to levels significantly higher than in the never-seroconverted (P ‫؍‬ 0.02) and the pre-seroconverted (P ‫؍‬ 0.03) children, but then declined to levels paralleling those of H. pylori-negative children. Thus, H. pylori acquisition, accompanied by a transient PGI increase, was frequent in this population, especially in the second and third years of life, but often was brief.
Gastric colonization by Helicobacter pylori is highly prevalent throughout the world (3, 15, 41) , and the organism is predominantly acquired during childhood (19, 34) . In developing countries, more than 80% of adults are colonized with H. pylori, and more than 50% of children become colonized before the age of 10 years compared to 30% of the adults and 10% of children in developed countries like the United States (15-17, 50, 66) . With socioeconomic development, the prevalence of H. pylori has declined (26, 48, 50) . H. pylori colonization generally persists throughout life, except in persons treated with antibiotics or those who develop atrophic gastritis, usually late in life (18, 70) . Although most adults have no clinical consequences of H. pylori colonization, it is a risk factor for peptic ulcer disease (7, 15, 37) and noncardia gastric adenocarcinoma (22, 38) . While colonization of adults with H. pylori almost always persists (26, 42, 48) , there has been evidence for both transient and persistent colonization in children (19, 65) and in experimentally challenged nonhuman primates (12) . The relative frequency of transient H. pylori acquisition among children in developing countries has been only partially characterized (29, 58, 65) , and there is little information about gastric physiology in children in relation to H. pylori acquisition (58) . An important question is whether pepsinogen production, reflecting gastric acidity (71) , is affected by the H. pylori status of the child.
The Native American Apache peoples have high rates of infectious diseases involving the gastrointestinal tract, including childhood diarrhea and hepatitis A (39, 58) , paralleling rates present in many developing countries (55, 57) . The availability of two cohorts of longitudinally studied Apache children enabled us to determine the timing of H. pylori acquisition. Using stored serum samples, we used host antibody responses to assess H. pylori acquisition and measured pepsinogen I (PGI) levels to reflect gastric physiologic changes in relation to H. pylori status. Examination of this population may be representative of children living in developing countries.
MATERIALS AND METHODS
Patient populations. All study subjects were living on the White Mountain Apache Indian Reservation in east central Arizona. The study was approved by the White Mountain Apache Tribe, the Indian Health Service Institutional Review Board, and the Committee on Human Research at the Johns Hopkins University School of Hygiene and Public Health. After written informed consent was obtained from the mothers, a birth cohort of 50 newborn infants was enrolled between 1 June 1983 and 23 April 1986 in a study of bacterial polysaccharide immunoglobulin (Ig) to prevent infections due to Haemophilus influenzae (36) . During this period, 628 infants were born in the reservation. After obtaining written informed consent from their parents or guardians, a second group of 58 children, ages 2 to 11 years (mean age, 4.2 Ϯ 0.3 years), was recruited at elementary schools as part of a study of hepatitis A vaccine in 1993 to 1994. Although these children received the hepatitis A vaccine, analysis of their responses was not included in the publication about that study (39) . Sera from both groups of children have been stored at Ϫ20C since those studies. Since these sera were analyzed after removing all identifiers except the ages of the children examined, the study subjects, currently 16 to 27 years old, cannot be identified. Each child in this study was assigned a specific study number, which served as the prefix of the code for each specimen of a particular child; a suffix number indicating the timing of the sample, allowed tracking the serial specimens from each child. We also examined serum samples from 25 women (20 to 34 years old; mean age, 25.7 Ϯ 3.7 years) from the nearby San Carlos Apache reservation to gain an estimate of the prevalence of H. pylori among women of childbearing age in this population.
Sampling of children. A total of 638 sera from 108 Apache children were included in this study. The birth cohort group was monitored for up to 25 months (mean, 19.6 Ϯ 0.3 months), and serum samples were obtained at 2, 4, 6, 9, 12, 15, 16, 18, 20, 24 , and/or 25 months of age. For the older cohort, serum specimens were collected at the beginning of the study and at 4, 24, 28, and/or 52 weeks (mean follow-up, 10.8 Ϯ 0.1 months). Means of 8.0 Ϯ 0.4 and 4.2 Ϯ 0.1 serum specimens per child were available in the birth cohort and the older cohort, respectively. The assessment of the immune response in the birth cohort group at 2, 4, and 6 months was performed to estimate the prevalence of H. pylori in their mothers and to confirm the decline of maternal antibodies as described previously (14) .
Serum antibodies to H. pylori antigens. Antibody responses were determined by antigen-specific enzyme-linked immunosorbent assays (ELISAs). The H. pylori whole-cell (WC) antigen was prepared from a pool of sonicated whole bacteria made from five different clinical H. pylori isolates, as described elsewhere (46) and validated in several ethnically diverse populations (9, 11, 13, 20, 35, 44) . Levels of IgA, IgG, and IgM antibodies to the H. pylori WC antigen in serum were determined as described previously (11, 46) . Serum samples were diluted 1:100, 1:800, and 1:200, respectively, and each optical density (OD) value was calculated from the mean absorbance of two assays per sample. Results for IgA and IgG were expressed as OD ratios (ODRs) (11, 42) , and for IgM, the results were expressed as OD values (35) . The sensitivity and specificity of testing with this antigen were Ͼ95% (11, 64) , and the intra-and interassay variations have been shown to be Ͻ5% (11, 47) . The presence of antibodies to the H. pylori CagA antigen was determined by an ELISA to detect serum IgG antibodies against orv220, a molecular weight 65,000 recombinant CagA protein purified from Escherichia coli (Acambis, Cambridge, Mass.), as described previously (6) . Test sera were diluted 1:100 and assayed in duplicate. This ELISA has a sensitivity of 94.4% and a specificity of 92.5% (47) and also has been validated in multiple diverse populations (23, 43, 68) . H. pylori culture-positive persons may be seropositive in the CagA assay in the absence of response to the WC antigen (54) .
Determination of serum PGI. Serum samples from children in both cohorts also were examined to determine serum PGI levels, using an immunoenzymatic assay for in vitro measurement of the serum concentrations of PGI (Gastroset PGI; Orion Diagnostica, Espoo, Finland) (56) . The sensitivity of the assay was 5 g/liter. Because examination of the first 81 samples examined in duplicate showed Ͻ5% interassay variation, all subsequent samples were assessed only once.
Study definitions. The same criteria were used to define H. pylori serologic status for the birth cohort and the older cohort specimens. To determine the baseline for H. pylori seropositivity, we calculated thresholds for IgA, IgM, and IgG responses to the WC antigen and IgG to CagA by using U.S. children known to be negative for H. pylori as assessed by gastroduodenoscopy (13) . Seropositivity was defined as an ODR value of Ͼmean ϩ 3 intervals of the standard deviation for the 27 confirmed negative children. We used this stringent criterion because serologic responses to H. pylori differ in adults and children (67) . ODR values defined as positives when using the WC antigen were 0.4 for IgA and 0.7 for IgG, with an OD of 0.9 for IgM. For CagA, an ODR of Ͼ0.30 was considered positive. Seroconversion in a child was defined as a serum specimen showing a positive value in any of the four assays after a previous negative value. Seroconversion was defined as being transient when all assays in one or more follow-up samples become negative. Persistent seroconversion was defined as continued seropositivity during the follow-up period. Seroreversion was defined as the loss of positivity from previously positive values. For studies of the women of childbearing age, the definition of serostatus was based on prior definitions for adults (42, 47) . Serum from 2-month-old infants in the birth cohort also was used as a proxy for maternal serum IgG levels. Infants whose serum IgG levels to either the WC or CagA antigens were positive as described above (child criterion) were defined as being born from an H. pylori-seropositive mother.
RESULTS
Maternal antibodies in the birth cohort. For the 50 children in the birth cohort, there were 992 total person-months of follow-up, with 8.0 Ϯ 0.4 specimens per person. A total of 44 children had at least 1 year of follow-up, and for 38 of these, follow-up was at least 21 months. The IgG results for the 2-month serum specimens from 48 of the children indicate that at least 77.1% of their mothers were H. pylori positive (62.5 and 52.1% in the WC and CagA assays, respectively). This result is similar to that found (76.0% in total; 72 and 48% in the WC and CagA assays, respectively) in 25 women of childbearing age from a nearby Apache community. As expected, the maternal IgG antibodies to both the WC and the CagA antigens declined progressively, nearing baseline levels by the time the children were 6 months old and well below the cutoff values for positivity (data not shown). None of the IgG results obtained at 2, 4, and 6 months was used in assessing H. pylori acquisition.
Serologic evidence of H. pylori acquisition. Among the 44 birth cohort children monitored for at least 1 year (mean, 21.5 Ϯ 0.5 months), 20 (45.5%) children had no evidence of seroconversion in any of 171 specimens studied in the four assays (34.4 Ϯ 6 assays per child) (data not shown). In contrast, 24 (54.5%) showed evidence of H. pylori seroconversion. IgM seroconversions were frequent (15.9%), but IgG seroconversions to H. pylori WC antigens (31.8%) or to CagA (36.4%) were more common. By the end of the follow-up period, only 17 of the 24 children remained seropositive, being positive in a mean of 2.3 Ϯ 0.2 assays; thus, a total of 38.6% of the children showed persistent seroconversion ( Table 1 ). The seven patients who had only transient seroconversions had been positive in 1.3 Ϯ 0.2 assays. The CagA IgG assay alone or in combination with other assays was the earliest test positive in 15 (62.5%) of the 24 children who had either persistent or transient seropositivity (data not shown).
H. pylori seropositivity in the cohort of older children. Of the 58 older children (mean age, 53.2 Ϯ 25.8 months), 39 were H. pylori seropositive (mean of 1.9 Ϯ 0.1 positive assays) at enrollment (Table 2) ; thus the prevalence of seropositivity was 67.2% at the time of entry into the older cohort. There was a clear age-related trend in seropositivity, with all children over 72 months being positive. Over the next year, of 59 evaluable children, 27 (79.4%) of 34 remained seropositive, whereas 10 (66.7%) of 15 remained seronegative (Table 3) . Of the 12 children who changed status during the 1-year follow-up, 5 seroconverted, whereas 7 seroreverted, representing annual rates of 33.3 and 20.6%, respectively.
H. pylori seroincidence. We also examined the acquisition of H. pylori as measured by seroconversion. In total, 137 seronegative children were evaluable, and 37 persistent seroconversions occurred in 23 children (1.6 Ϯ 0.1 per child) ( Table 4 ). In each of these children, seroconversion involved multiple specimens and persisted until the end of the observation period. Only one seroconversion occurred in a child by 6 months of For the first year of life, the calculated seroconversion rate was 4.1% (and would be 2.0% if the child who converted by 6 months is excluded). The peak incidence of seroconversion occurred in the second year of life and was nearly 45%. Over the subsequent years, the annual seroconversion rates declined but remained high. These data are consistent with the high H. pylori seroprevalence observed in both the cohort of older children (Table 2 ) and the women of childbearing age (data not shown). Among the birth cohort group, acquisition of H. pylori began at 6 months of age and continued through the follow-up period (Fig. 1A) . In the older cohort group (Fig. 1B) , although the follow-up period was shorter, the acquisition rate was similar to that of the younger group (Fig. 1B) at 12 months. Determination of transient seroconversion. Previous reports have suggested that H. pylori colonization may be spontaneously lost during childhood (19, 65) . The incidence of transient seroconversion in the birth cohort was 15.9%, and for the older children, it was 20.6%. In examining the loss of H. pylori antibody responses, age inversely correlated with seroreversion rates. All three children under 1 year of age who originally seroconverted to H. pylori lost their responses during followup. The rates of seroreversion gradually decreased with age (data not shown). Furthermore, children who showed seroconversion in only one serologic test were more likely to have transient seroconversion than those who became positive in two or more assays (P ϭ 0.004) (data not shown).
Analysis of serum PGI levels. We next sought to determine the effect of H. pylori acquisition on serum PGI levels. This study was concentrated in the birth cohort only, since longitudinal sera were available before, during, and after each seroconversion event. First, to establish serum PGI levels in the absence of H. pylori, we studied 153 specimens from 17 children who had no serologic responses to H. pylori during the study period (Fig. 2) . During the first 6 months of life, levels progressively rose from 35.9 Ϯ 5.1 ng/ml in the first 2 months of life to 66.9 Ϯ 5.4 at 6 months of age (P Ͻ 0.01). Although, PGI levels were stable after 6 months of age (mean, 64.8 Ϯ 2.7 ng/ml), there was individual variation, and 10 sera (8.3%) showed levels of Ͼ100 ng/ml. Next, we examined 82 sera from 15 children found to be persistently H. pylori seropositive (Fig.  3) . Each point represents a pool of the values for that time period for all of the children who seroconverted. With the first serologic evidence of H. pylori acquisition (defined as time 0), PGI levels peaked. Prior to time 0, levels were similar to those in H. pylori-negative children, and post-H. pylori acquisition, levels declined to the baseline as well. We also directly compared the PGI levels in the sera of the 15 children at the time 
DISCUSSION
Acquisition of H. pylori mainly occurs during childhood (19, 65, 67) . However, until now, there have been few studies that prospectively assessed the acquisition rates in human populations (19, 31) . Most of the longitudinal studies have been done in populations of developed countries where the annual incidence rate has been estimated to be low: in the neighborhood of 0.3% in both children and adults (1, 27) . Since acquisition of H. pylori often is asymptomatic, ascertainment of symptoms does not accurately indicate when this occurs (40) . To most easily assess incidence of childhood H. pylori acquisition, studying a population in which the adult H. pylori prevalence is high is most useful. Developing countries are the logical choice for (Fig. 2) . The dashed lines represent the boundaries for the upper (75th) and lower (25th) quartiles.
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this type of study; however, lack of adequate infrastructure to perform such studies often is limiting. However, within developed countries, there exist minority populations that also have high H. pylori prevalence (62), similar to that observed in developing countries (34, 44, 66) . This study of White Mountain Apache children represented an ideal opportunity to assess H. pylori incidence in a minority population in the United States, since we were able to show that H. pylori prevalence is high in the adult population. Although, we were not able to directly determine the H. pylori status of the mothers of the birth cohort children, our estimate, based on the IgG results from the 2-month-old infant serum, correlated well with that from comparable women in the community and confirmed the high endemicity of H. pylori in adult Native American populations (2) .
The assays we employed have high predictive value for determining H. pylori status in both adults and children (6, 11, 13, 46, 64) . Our studies of specimens frozen for more than 20 years (6, 38, 43) showed that multiple freeze-thaws had essentially no impact on serological results (5). Furthermore, our assays have documented significant declines in antibody levels in patients in whom H. pylori was eradicated by specific therapy (45) . Since the purpose of this study was to estimate as accurately as possible the true seroconversion rate, we used four different assays to detect H. pylori acquisition. Commercial tests are not recommended for this type of study, since they are not capable of measuring the IgM-and IgA-specific responses to H. pylori antigens. In addition, there is no commercial test available to assess the CagA response. Advantages of serologic assays include their value for inexpensive screening of large numbers of individuals and their utility for determining H. pylori status from samples that had been stored for many years. Limitations of serological assays include the following. (i) No single antigen is recognized by all subjects. Therefore, preparations should contain multiple H. pylori strains (23) . (ii) Defining threshold values that accurately separate positive from negative subjects may be difficult. (iii) Finally, assays may be sensitive to changes in reagents and laboratory conditions (8) . Each of these limitations was addressed in this study. Multiple antigens were used, including the CagA antigen, which is complementary to the H. pylori group antigen in identifying H. pylori culture-positive individuals not responding to the group antigen (54) . The thresholds established were more conservative than those used in adults, and all sera were studied together to minimize assay and reagent differences. A seroconversion to the CagA antigen without seroconversion in the WC assays indicates that the CagA antigen is more antigenic and immunodominant for that individual colonized with a cag ϩ H. pylori strain. We have documented that when antibodies to the WC antigen do not reach the level of positivity, antibodies to CagA represent true-positive CagA and false-negative WC results, based on the results of culture studies (54) .
The lack of independent confirmation of H. pylori acquisition (either by endoscopy-based tests, urea breath test, or detection of H. pylori antigen in stools) (69) is another limitation. However, we used stringent criteria to define seropositivity (13) : only specimens from children Ͼ9 months of age were included in the analysis of IgG seroconversion and seroreversion, and the progressive decline in maternal antibodies in each child until the age of 6 months and the consistency of seropositivity in children with H. pylori persistence further validate the serologic assays. Although studies of children have intrinsic limitations (24, 61) , young children must be examined to gain insight into the events of H. pylori colonization, since they are the most relevant hosts. The results observed in the two cohorts we studied are consistent, but direct comparisons between the groups were not made. Although the two groups of children were enrolled 8 to 10 years apart, they were from the same reservation, and the mean birth years of the older and birth cohorts were 1987 and 1985, respectively. Thus, although acquisition rates are compared (Table 4) , these should only be considered as illustrating broad trends. Our observation that seroconversion occurs at young ages in these Apache cohorts confirms that H. pylori acquisition happens early in life, particularly in groups of low socioeconomic status. Furthermore, the early acquisition of H. pylori has been associated with gastric cancer (60) , and, as expected, this disease is highly prevalent in the community studied (72) .
Previous studies of the early events surrounding H. pylori acquisition have been based on accidental and experimental challenges of adults (32, 63) and not children, despite their relevancy. The very transient IgM responses to acute H. pylori acquisition documented previously (35) and now again in this study explain the lack of utility of studying IgM responses in adults, since most have been colonized by H. pylori for decades. The pattern in this study showed that IgM seroconversion, although documented in only a small number of children, preceded the IgG and IgA seroconversion or occurred simultaneously. Among the seroconversions in which an IgM response was not observed, IgG always appeared first and IgA always appeared last, whether the seroconversion was transient or persistent. Similarities in the clinical and physiologic consequences of microbial acquisition in children and adults cannot be assumed, since the primary manifestations of varicella-zoster virus, mycoplasma, Epstein-Barr virus, and Salmonella enterica serovar Typhi infections, for example, differ between young children and adults.
Urea breath test studies among young children in developing countries suggest that urease-positive organisms often are transiently acquired during the first year of life, but that only about half of such children remain positive by 2 years of age (58, 65) . However, the proportion of these events that are due to H. pylori has not been determined. We confirm transient H. pylori colonization may occur in children (29, 65) and that it is more common in younger than in older children (28, 30, 31) . Our data indicate that the first childhood encounter with H. pylori is not necessarily responsible for the persistent colonization observed; transient colonization of experimentally challenged primates also is consistent with these findings (12) . Our assessment of transient colonization must be considered to be a minimal estimate in both the birth and the older cohort populations, since by definition, the child first had to seroconvert. The frequency of very transient H. pylori acquisition in the absence of seroconversion is not known. Longitudinal studies of adults indicate that seroreversion in the absence of specific treatment to eradicate H. pylori is uncommon (26, 42, 48) even over long periods of follow-up. The data from this study stand in marked contrast and suggest that the niche of H. pylori immediately after acquisition is precarious and potentially quite vulnerable to the initial host immune responses. If cor-VOL. 41, 2003 TRANSIENT AND PERSISTENT H. PYLORI COLONIZATION 2405 rect, this concept suggests that effective pre-exposure vaccination is feasible. The data from this and other studies (52) indicate that once fully established, the colonizing H. pylori population is robust, resisting the ongoing immune response and consistent with phenotypic plasticity due to genetic variation within the colonizing population (4). We determined the serum PGI levels to address whether H. pylori acquisition causes perturbations in the gastric physiology in children as it does in adults. In a prior study of 183 symptomatic children, the mean PGI value was approximately 65 g/ml, and the values were nearly the same in H. pylori-positive and -negative children (49) , similar to our findings (Fig. 2) . In Korea (25) , among 51 H. pylori-positive (mean age, 11.8 Ϯ 2.1 years) children, the mean PGI value was 45 g/ml. Our work provides three novel observations in relation to PGI physiology in childhood. First, in the absence of H. pylori, PGI levels clearly rise during the first 6 months of life and then remain at a plateau for at least 18 months (Fig. 2) . Data from the two prior studies of older children (25, 49) suggest that this plateau is sustained. Second, there is a sharp but transient (Ͻ3 months) increase in PGI associated with H. pylori acquisition (Fig. 3) . The return to baseline is consistent with the development of an immune response that, while not sufficient for eradication of the organism in many cases (thus, persistent colonization), protects the mucosa from acute injury. Third, PGI levels in H. pylori-positive and -negative children are closely matched, except during the acquisition phase. There has been concern that the prolonged hypochlorhydria observed in adults who acquire H. pylori (33) also is present in children and increases the risk of diarrheal diseases (10, 59 ). Although we did not measure gastric acidity directly, our results suggest that the changes in gastric physiology associated with H. pylori acquisition in young children may be of short duration: for weeks rather than the many months that can occur in adults (21, 51) . The concept of age-related differences in response to H. pylori acquisition parallels those associated with other organisms (e.g., varicella-zoster virus and EpsteinBarr virus), which are consistent with the hypothesis of a maturing immune response during childhood (53) . This phenomenon may be of epidemiological relevance, since age at H. pylori acquisition appears to be a risk factor for development of gastric cancer decades later (6) .
